We study the Hawking radiation of the spherically symmetric, asymptotically flat black holes in the infrared modified Hořava-Lifshitz gravity by applying the methods of covariant anomaly cancellation and effective action, as well as the approach of Damour-RuffiniSannan's. These black holes behave as the usual Schwarzschild ones of the general relativity when the radial distance is very large. We also extend the method of covariant anomaly cancellation to derive the Hawking temperature of the spherically symmetric, asymptotically AdS black holes that represent the analogues of the Schwarzschild AdS ones.
Introduction
Recently, Hořava proposed a power counting renormalizable theory for the (3+1)-dimensional quantum gravity [1] , motivated by the Lifshitz model in condensed matter physics. This theory, called as Hořava-Lifshitz (HL) gravity, is believed to be the potential ultraviolet (UV) completion of general relativity. In the infrared (IR) limit (setting the dynamical coupling constant λ = 1 in the action), it recovers general relativity. Some important characters of the HL gravity are that the Lorentz invariance is violated at the UV level and the scaling between time and space is also anisotropic. The latter indicates that this model is not invariant under the full diffeomorphism group of general relativity but has the foliation preserving diffeomorphism invariance for generic values of λ. Inspired by the HL gravity, a great number of works have appeared to investigate the classical solutions [2, 3, 4, 5] , the black hole physics [6, 7, 8] and other aspects [9, 10, 11] .
In order to reduce the number of the independent coupling constants, in [1] , the detailed balance condition was imposed. One result from the imposition is that the generic IR vacuum of the HL gravity is not a Minkowski vacuum but the one in anti-de Sitter background. Besides, in the IR limit, both the Newton constant and the speed of light are dependent on the cosmological constant. For the aim to make the HL gravity recover the Minkowski vacuum in the IR limit, the theory was modified by adding a term "µ 4 R " [2] to the original action in [1] . Such a modification softly breaks the detailed balance condition and changes the IR properties. But the ones at the UV level are not affected. In terms of the IR modified HL gravity, a static, spherically symmetric black hole solution was presented in [2] .
This black hole behaves like the standard Schwarzschild one when the radial distance is sufficiently large. In [4] , the author obtained the black hole and cosmological solution that is very similar with the usual Schwarzschild-AdS black hole at long distances.
On the other hand, Hawking radiation [12] has been regarded as a very attractive quantum phenomenon of black holes or other geometric backgrounds with an event horizon.
It may open way for understanding the quantum gravity. Since this quantum effect was discovered more than thirty years ago, several different approaches have been developed to derive it. One of them is the gravitational and gauge anomaly cancellation method recently proposed by Robinson and Wilczek (RW) [13] . They first obtained the Hawking temperature of the Schwarzschild black hole by considering the gravitational anomaly.
Subsequently, taking into account both gravitational anomaly and gauge anomaly, Iso, Umetsu and Wilczek extended RW's method to the charged black hole [14] and the rotating black hole [15] . This anomaly cancellation method treats the Hawking radiation as a compensation of the quantum anomaly that breaks the classical symmetry near the horizon. In terms of the two dimensional effective metric, which is obtained due to the fact that an infinite collection of (1+1)-dimensional fields can effectively describe the quantum field near the horizon of the original higher dimensional space-time, one can derive the fluxes of charges (if there exists gauge field) and energy momentum tensor by solving the Ward identities under proper boundary conditions associated with the Unruh vacuum.
These fluxes are identified with the Hawking ones. Following RW's method, a lot of works have appeared to investigate the Hawking radiation of black objects in various dimensions [16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26] .
There are two forms of anomalies. One is consistent and the other is covariant. For the original method proposed by RW in [13, 14] , the expressions of chiral anomalies take the consistent forms, but the boundary condition to fix the arbitrary parameters is covariant.
In [23] , it was argued that the anomaly cancellation method can be unified in terms of the single covariant expressions, namely, the fluxes of charges and energy momentum tensor can be obtained via covariant gauge anomaly and covariant gravitational anomaly, together with the vanishing of the covariant current at the event horizon. Such an argument makes the anomaly cancellation method more economical and conceptually cleaner. Since then, on basis of the development in [23] , Hawking radiation of black strings in various dimensions was discussed [24] . Other extensions can be found in [25, 26] .
It is worth noting that the boundary condition plays a crucial role in fixing the Hawking fluxes for both the RW's original method and the one of the covariant anomaly cancellation developed later. In fact, by imposing proper boundary condition at the event horizon only, Banerjee and Kulkarni [27] made use of the covariant current and energy momentum tensor, generated from the two dimensional effective action [28] , to derive the Hawking fluxes of the spherically symmetric charged black holes. Their results are in agreement with those calculated via the approaches of Unruh vacuum [15] and the trace anomaly [29] . Some applications of the covariant effective action method generalized by Banerjee and Kulkarni appear in [30] . In our work [21] , this method has been extended to reproduce the Hawking fluxes of the Schwarzschild black holes in the isotropic coordinates where the determinant of the metric vanishes at the horizon.
So far although some properties of the black holes in HL gravity have been investigated, the study on their Hawking radiation is still vacant. In this paper, we shall fill this gap by applying the methods of covariant anomaly cancellation and the covariant effective action to exploit the Hawking radiation of the spherically symmetric, asymptotically flat black holes [2] in the IR modified HL gravity. By comparison, we will also calculate their Hawking temperature via the method of Damour-Ruffini-Sannan (DRS) [31] . Besides, we shall study the Hawking radiation of the spherically symmetric, asymptotically AdS black holes [4] through the covariant anomaly cancellation method. The remainder of the present paper is organized as follows. In section 2, we shall briefly review the IR modified HL gravity and the spherically symmetric, asymptotically flat black hole solutions in [2] . In section 3, we will use the covariant anomaly cancellation method to derive the Hawking temperature of these black holes. By applying the covariant effective action approach, we reproduce the same Hawking fluxes as those obtained via the method of covariant anomaly cancellation in section 4. In section 5, we compute the Hawking temperature of the asymptotically flat black holes via the DRS approach. In section 6, the analysis in section 3 is extended to study the Hawking radiation of the spherically symmetric black holes with cosmological constant [4] . We present our conclusions in the last section.
Black Holes in Infrared Modified Hořava-Lifshitz Gravity
Let us start with the metric ansatz in the four dimensional HL gravitational theory. Using the ADM-like decomposition and introducing the lapse function N , the shift vector N i and the spatial metric g ij , we have
In what follows, the action with IR modification takes the form [2]
where λ, µ, w, κ are constant parameters, the extrinsic curvature K ij is defined by 3) and the Cotton tensor C ij is read off as
Compared with the original action in [1] , the added term "µ 4 R " in the action (2.2) softly violates the detailed balance condition and modifies the IR properties of the HL gravity [2] , however, it does not amend the UV ones. Particularly, in the IR limit by setting 5) the action (2.2) reduces to the standard Einstein-Hilbert one in the ADM formalism
where we have introduced the coordinate x 0 = ct. Due to the variations to N , N i and g ij , one can get the equations of motion. The similar motion equations can be found in [3] .
When λ = 1 and Λ W = 0, a static, spherically symmetric black hole solution that satisfies the full set of motion equations is presented as [2] 
where
, and M is an integration constant. This black hole is formally different from the usual Schwarzschild black hole. However, for r ≫ 2(M P 2 ) (1/3) , we find that f (r) takes the form 8) which implies that the solution (2.7) behaves like the usual Schwarzschild black hole in general relativity when r is sufficiently large. If P → 0 and r is finite, we have f (r) = 1 − 2M/r, meaning that Eq. (2.7) exactly coincides with the Schwarzschild black hole. Its two event horizons that are very similar with those of the Reissner-Nordström black hole are 9) where M ≥ |P | to avoid the naked singularity. M = |P | is the extremity condition. Some properties of the black hole (2.7) have been investigated in [6] .
By virtue of the surface gravity formula, the Hawking temperature of the black hole (2.7) is given by
Obviously, when M = |P |, the temperature for the extremal black hole vanishes. The ADM mass is M . If we naively use the area law to calculate the entropy, we obtain the evaluation that does not fulfill the first law of black hole thermodynamics. To keep the differential form of the first law hold, i.e. dM = T H dS, we have to set the entropy S = πr 2 + +4πP 2 ln(r + )+S 0 [7] , where S 0 is an arbitrary constant irrelevant with r + . However, in this case, the integral form of the first law is not satisfied. Maybe we can modify both the mass and entropy to guarantee that the differential and integral forms of the fist law hold at the same time.
We do not discuss this point in the present paper. In what follows, we shall focus on reproducing the temperature (2.10) via the methods of gravitational anomaly cancellation and the effective action, as well as the DRS approach.
Hawking radiation via covariant gravitational anomaly
In this section, we will exploit the Hawking radiation of the black hole (2.7) via the covariant gravitational anomaly cancellation method [23] developed due to [13, 14] . Before doing this, we first give a brief review of this method. Considering a complex scalar field in the background of the black hole, since the field near the horizon can be effectively described by an infinite collection of (1+1)-dimensional fields, it is feasible for us to treat the original higher dimensional theories as a set of scalar fields in the background of (1+1)-dimensional spacetime. Near the horizon of this two dimensional reduced space-time, there exist outgoing modes and ingoing modes. If we omit the classically irrelevant ingoing modes, the (1+1)-dimensional effective field theory becomes chiral, which leads to gravitational anomaly. In order to cancel this anomaly, a compensating current that is identified to the Hawking flux of energy-momentum arises. It is worth noting that one has to impose proper boundary conditions that compatible with the Unruh vacuum to fix the Hawking flux completely. Now we discuss the dimension reduction by considering the action of a massless scalar fields in background of the black hole (2.7). Performing the partial wave decomposition ϕ = lm ϕ lm (t, r)Y lm (θ, φ), where Y lm are the spherical harmonics, and only keeping the dominant terms near the horizon,
where ∆ Ω is the angular Laplace operator, and the last equation is obtained by taking the near horizon limit. The above equation implies that the scalar field in the original (3+1)-dimensional space-time can be effectively described by an infinite set of two dimensional fields in the background of the metric 2) together with the dilaton field Ψ = r 2 , whose contribution can be neglected, since the reference space-time is static. Obviously, the effective metric (3.2) is just the (t, r) part of the original metric (2.7).
Near the horizon, if we omit the quantum effect of the ingoing modes, the effective field theory will exhibit a gravitational anomaly. For the right-handed fields, the (1 + 1)-dimensional covariant gravitational anomaly has the form
where ǫ µν is the two dimensional tensor density with ǫ rt = ǫ tr = −1, R is the scalar curvature of the two dimensional space-time, and g 2 is the determinant of the two dimensional metric.
In terms of the effective metric (3.2), the anomaly is time-like, i.e. ∇ µ T µ r = 0, and 4) where and in what follows, the prime denotes the derivative to the radial coordinate. Introducing two scalar functions Θ(r) = Θ(r − r + − ε) and H(r) = 1 − Θ(r), where the limit ε → 0 will be taken ultimately, the total energy-momentum tensor can be written as 5) in which T µ (O)ν , localized in the region outside the horizon (r > r + + ε), is covariantly conserved, while T µ (H)ν that is defined in the near-horizon region (r + < r < r + + ε) satisfies the anomalous Eq. (3.3). Solving both the equations, we have
where a O and a H are two integration constants, and a O is the value of the energy flow at infinity. In order to fix it completely, firstly we take into account the ν = t component of Eq. (3.3), which reads
The first term in the above equation should be cancelled by the ingoing modes . For the sake of keeping the energy-momentum tensor anomaly free, the second term must vanish at the horizon. Therefore, we obtain 8) However, this equation is not sufficient to fix energy flow a O completely. One has to impose a regular boundary condition corresponding to the Unruh vacuum. Such a constraint requires the covariant energy-momentum tensor T µ ν to vanish at the horizon, which yields a H = 0. Thus the total energy flux at infinity is read off as
(3.9)
The energy fluxes (3.9), obtained via the covariant gravitational anomaly, is compatible with the Hawking ones. To see this, we calculate the Hawking fluxes by considering the fermionic Plack distribution N (ω) = 1/(e ω/T H + 1) for blackbody radiation in the general spherically symmetric black hole background. With such a distribution, the Hawking fluxes of the energy-momentum tensor is computed as 
Hawking radiation through the method of covariant effective action
It has been shown that the quantum field can be effectively described by an infinite collection of (1+1)-dimensional fields with the metric (3.2) in the near-horizon region of the black hole (2.7). Thus we shall employ the covariant effective action method [27] to calculate the Hawking fluxes in terms of the background of the effective metric (3.2) in this section. Our calculations only involve the gravitational part of the effective action since there only exists gravitational anomaly near the horizon. Some results can be found in our work [21] . Due to the effective action method, the Hawking fluxes are associated with the (r, t)-component of the covariant anomalous energy-momentum tensor near the horizon, which can be derived by varying the effective action. With help of the boundary condition that the covariant energy-momentum tensor vanishes at the horizon, one obtains the Hawking flux that is equal to the (r, t)-component of the energy-momentum tensor at infinity (r → ∞).
In the (1+1)-dimensional black hole background, the covariant energy momentum tensor is given by [28] T
For Eq. (4.1), the auxiliary field ψ obeys the equation 2) which vanishes at infinity, while the chiral covariant differential operator D µ is defined by
One can verify that the covariant energy-momentum tensor (4.1) satisfies both the covariant anomaly equation (3.3) and the conformal trace anomaly equation
For the two-dimensional effective metric (3.2) , the equation of motion (4.2) for the auxiliary field ψ becomes
The general solution of this equation is
where a and b are constants to be specified by imposing appropriate boundary condition.
Therefore, the (r, t)-component of the covariant energy momentum tensor (4.1) can be computed as
As before, we still choose the boundary condition that the covariant energy momentum tensor vanishes at event horizon. Thus we have
In [27] , it has been shown that the energy flux is given by the asymptotical limit of the anomaly free energy momentum tensor. For the effective metric (3.2), since f ′ (∞) = 0 and f ′′ (∞) = 0, the Eq. (3.3) becomes ∇ µ T µ ν → 0 when r goes to infinity, which implies that the energy momentum tensor is anomaly free at infinity. Therefore, the energy flux reads
(4.9)
This energy flux agrees with Eq. (3.9) got via the method of covariant anomaly cancellation.
Besides, we can also evaluate the energy flux by calculating the anomaly free energy momentum tensor outside the horizon, which reads [28] 
This anomaly-free energy momentum satisfies
Here we do not give the other components of the energy momentum tensor T With the help of Eq. (4.8), we obtain
Substituting each of these equations into Eq. (4.11), we get the energy flux that takes the same form as Eq. (4.9). Looking through the whole procedure, we find that the asymptotical behaviour of f (r) plays a key role in our derivation. If f ′2 − 2f f ′′ is divergent when r → ∞, all of the derivation is invalid. For example, our calculation in this section fails to give the energy flux of the Schwarzschild AdS black hole. Finally, from the energy flux, we can obtain the Hawking temperature in agreement with Eq. (2.10).
Hawking radiation via the DRS approach
In this section, we will make use of the DRS approach [31] to investigate Hawking radiation of the black hole (2.7) in terms of the (1+1)-dimensional effective metric (3.2) . This approach has also been employed to study Hawking radiation from the Reissner-Nordström black hole with a global monopole in [19] . We now take into account the Klein Gordon equation of a complex scalar field Φ with mass µ, which reads
Separating the scalar field Φ as Φ(t, r) = R(r)e −iωt and performing the coordinate transformation r * = dr/f , the radial equation is given by
Near the horizon, f (r) → 0. Thus the scalar field Φ can be solved as (5.3b) where Φ in is the ingoing wave solution, which is analytic at the horizon, while Φ out , the outgoing wave solution, is logarithmically singular at the horizon. To see this, by virtue of the relation r * ≈ ln(r − r + )/(2κ) near the horizon, where κ = f ′ (r + )/2 is the surface gravity of the black hole (2.7), we can reexpress the outgoing wave solution as
However, it can be analytically continued to
(r < r + ) (5.5) from the outside of the hole into the inside hole along the lower r-plane. Therefore, we obtain the relative scattering probability at the horizon (5.6) Following the DRS approach proposed in [31] , the thermal spectrum of the particles radiating from the black hole can be given by N (ω) = 1/(e 2πω/κ − 1) for scalar particles. From the thermal spectrum, we can obtain the Hawking temperature T H = f ′ (r + )/(4π), which takes the same form as Eq. (2.10).
Hawking radiation of black holes with cosmological constant
In this section, we shall extend the gravitational anomaly cancellation method to exploit the Hawking radiation of the static, spherically symmetric black hole with cosmological constant in the IR Modified HL Gravity. This black hole solution, which fulfills the motion equations generated from the action (2.2) with the coupling constant λ = 1, is given by [4] 
where m is an integration constant. Choosing proper values of Λ W , P and m, the solution (6.1) can recover some known solutions. We first set Λ W = 0 and m = 2M/P 2 . In such a case, the solution (6.1) becomes the one (2.7), which agrees with the usual Schwarzschild
reduces to the standard Schwarzschild-AdS black hole except for a factor "|2Λ W P 2 |" [4] .
Besides, in this case, if P → ∞ and m = α 2 √ −Λ W , Eq. (6.1) takes the same form as that in [3] . Finally, by setting Λ W > 0 and performing the transformation µ → iµ, w 2 → −iw 2 , one can obtain the usual Schwarzschild-dS-like solution.
Since the analysis via the anomaly cancellation approach here is parallel with what we have performed in the section (3), we only present some main results. By the dimension reduction technique, we have the two dimensional effective metric
In terms of this effective metric, the Hawking flux can be computed as
where r + , the largest root of the equation h(r) = 0, is the outside horizon of the black hole (6.1) . From the Hawking flux, we obtain the Hawking temperature, which reads 6.4) This temperature coincides with the one derived by virtue of the surface gravity formula.
In particular, when Λ W = 0, it becomes that of the asymptotically flat black hole (2.7).
Besides, we can also derive the same temperature via the DRS method following the above section.
Summary
In this paper, we have extended the methods of covariant anomaly cancellation and the effective action to derive the Hawking temperature of the black holes [2] in the IR modified Hořava-Lifshitz gravity. These black holes are the spherically symmetric, asymptotically flat solutions when the coupling constant λ = 1, namely, the HL gravity returns to general relativity. They are formally different from the usual Schwarzschild black holes but agree with the Schwarzschild ones when the radial distance is sufficiently large. The crucial points of both the two methods are the dimension reduction and the appropriate boundary condition. Using the dimension reduction technique that the complex scalar field in the background of the higher dimensional spacetime can be effectively described by an infinite collection of two dimensional scalar fields, we obtained the two dimensional effective metric.
On basis of the effective metric, imposing the boundary condition that the fluxes of the energy momentum tensor vanishes at the event horizon, we applied both the methods to calculate the Hawking fluxes. The values obtained via these two methods are equal. Our results further support Hawking radiation is a universal quantum behavior arising at the event horizon. To see the universality of Hawking radiation, the DRS method have also been used to compute the Hawking temperature in terms of the two dimensional effective metric.
The covariant anomaly cancellation method has also been generalized to study the Hawking radiation of the spherically symmetric, asymptotically AdS black holes [4] . These black holes can be seen as the analogs of the usual Schwarzschild AdS black holes. We have obtained their Hawking temperature which recovers that of the asymptotically flat black holes in [2] when Λ W = 0.
Finally, we give a simple comment on the methods of anomaly cancellation and effective action. Both the methods are applicable to the theories that are generally covariant. Although the HL gravity theory is invariant under foliation preserving diffeomorphism, we can still use the two methods to study Hawking radiation of black holes in this gravity theory, since the group with foliation preserving diffeomorphism is a subgroup of the one with full diffeomporphism. Further investigation is required to prove the strict validity of applying both the methods to the gravity theory with foliation preserving invariance.
